Dielectric responses of a multi-component plasma are investigated at finite temperature considering the case of optically generated carriers in a wurtzite GaN. The effective dielectric function and polarizability functions Πc(q, ω) are determined such that they satisfy the Dyson equations of the effective interactions among plasma components. The behavior of plasma component-resolved electronic polarizability functions and the effective dielectric function of the plasma are examined including the effects of dynamic screening at finite temperature. Spectral analysis of the dielectric response functions are performed and their dynamic and nonlocal (finite-q) behaviors are explored. Our result shows that, for a multi-component plasma of high carrier densities, the well-defined optic plasmonic modes are clearly seen well outside the single particle excitation continuum of lighter mass electrons and that the additional low frequency acoustic plasmonic branch is located outside single particle excitation continuum of doubly degenerate heavier mass A-holes. The contribution of the heavier mass species to dressed Πc(q, ω) is very similar to the case of bare Π 0 c (q, ω).
I. INTRODUCTION
With the use of high power ultra short pulse lasers, degenerate electron-hole plasmas could be readily generated in semiconductor materials. 1 In these plasmas, the carriers are highly excited to occupy the conduction and valence bands forming multi-component carrier system separated in reciprocal space. Transport properties and energy relaxation of the carriers strongly depend on the nature of the carrier screening, 2,3 which affects the electrical polarizability and dielectric function of the multi-component plasma.
In the presence of two or three different types of plasma components, the dielectric screening and individual energy dissipation behavior become so involved (compared to the case of single-component carriers) to be included properly in the model. 4 In an electron-hole plasma, in addition to the well known optic plasmon-LO phonon coupling of the singlecomponent plasma such as in doped semiconductors, 5 low frequency acoustic collective oscillations also occur.
6,7 Here, we limit our analysis on the finitetemperature dielectric responses, which are of importance in the optical and transport responses of many carrier systems, focusing to the effects of many-body dynamic carrier screening on the component-resolved electronic polarizability functions and effective dielectric function of the plasma.
II. DIELECTRIC RESPONSE FUNCTIONS
We consider the case that hot electrons and holes are generated in the conduction and valence bands, respectively, by optically pumping the material. The carrier-carrier interaction introduces dielectric screening and, hence, affects various carrierphonon coupling channels of the material. In a multicomponent many carrier system (consisting electrons and various holes), we note that the effective ˜ and j are the solutions of the Dyson equation,
where V ij is the bare (lowest order) Coulomb interaction v q (≡ 4πe 2 q 2 ) for i = j or −v q for i = j, andṼ ij includes the polarization effects of the medium. Here carrier indices i and j can be either electrons (denoted by 'e') or holes in the A, B, or C band of the material. The Dyson equation for dressed Coulomb interactions V ij between conduction electrons and various holes are illustrated in Fig. 1 in terms of (retarded) proper polarization functionsΠ (or density-density correlation function Π ) and bare Coulomb interactions V ij among plasma components.
One can solve the coupled equations represented by Eq.(1) forṼ ij to obtain the dielectric function˜ of the multi-component many carrier system written as
Here we note that the proper polarization functioñ Π νν of each plasma component (denoted by ν) contributes to the effective dielectric function of the (multi-component) plasma. The (retarded) full polarization function Π νν ( q, ω) is the Fourier transform of the (retarded) densitydensity (time) correlation function defined by
where θ(t), V, andn q,ν (t) are the Heaviside unit step function, volume of the sample, and the number operator in the Heisenberg representation of the carriers in the band ν. The full polarization Π νν ( q, ω) satisfies Dyson equation given, in terms of proper counterpart Π νν ( q, ω), by
implying that the full polarization Π νν need be de- The real part of the electric conductivity, Reσ νν ( q, ω; T ), a measure of dissipative processes, is directly linked to the imaginary part of the retarded polarization function, ImΠ νν ( q, ω; T ) of the plasma, in which quanta of wavenumber q and frequency ω are absorbed by the carriers in the plasma. Once the range of transparency windows for the energy dissipation is known, it can be utilized to engineer the waveguide characteristics of the material. In this work,Π denotes temperature-dependent proper ('irreducible' in the language of Ref.
9 ) polarization function of the multi-component many carrier system.
In the random phase approximation (RPA), which is supposed to be valid in the limit of high carrier densities,Π νν is approximated by the bare (noninteracting) counterpart Π 0 νν , which is given, if evaluated at a carrier temperature T ch , by
The Lindhard-type expression of Eq. (5) is analogous to the case of spin-resolved expression in a multicomponent spin system. 12 The RPA to the dielectric function is written as
The explicit expression of the lowest order proper polarization function Π 0 νν ( q, ω) can be written in terms of its zero-temperature Lindhard function 14 , and the real and imaginary parts are given by 11 ,
and
where
. In Eqs. (7) and (8) , conventional notations are used such as m , k F , v F , ε F , and µ denoting effective mass, Fermi wave number, Fermi velocity, Fermi energy, and chemical potential, respectively, of a carrier type indicated by subscript (either electrons or holes) and T is the temperature of the corresponding carriers in quasiFor the case of a single-component plasma (scp), Eq.(6) reduces to
and we have Re Π
. If we take the static approximation for screening, RPA ( q, 0) is given, in the long wave length limit, RPA ( q, 0) = 1 + 
III. CARRIER DENSITIES AND EFFECTIVE TEMPERATURE OF A MULTI-COMPONENT PLASMA
Here we consider the case of an ideal GaN in the wurtzite phase, [15] [16] [17] where the spin-orbit coupling is of an order of magnitude smaller than the crystal field splitting. Then, the higher lying valence (A and B hole) bands are doubly degenerated in energy under the influence of the hexagonal crystal field and the top of the C hole band is located below by ∆ from the top of the degenerate (A and B hole) bands. The carrier concentration in each band now satisfies the relation n e = 2p A + p C Θ(n e − n th ). Here n e , p A (≡ p B ), and p C are the carrier concentrations in the conduction and valence bands, each given by
where g A (g C ) denotes the density of states for band A(C), and
In Eqs. (10) and (11), n th denotes the electron concentration, at which C holes need to appear in the C hole band at higher levels of the optical pumping Since carrier temperatures for different types of carriers are not identical, in general, in a multicomponent carrier system, the carrier effective temperature T eff of the sample would be meaningful in experiments 18 , where T eff is a measure of the average kinetic energy per carrier in the sample. In terms of quasi-equilibrium carrier temperatures T e , T ah (= T bh ), and T ch , the carrier effective temperature T eff of the multi-component carriers is written as
where we have noted the energy balance relation of ω ph = ε g + ∆E e + ∆E h and ∆E e /∆E h = m h /m e = T e /T h . Here ω ph , ε g , ∆E e , and ∆E h indicate, respectively, the photon energy of the pumping laser, band gap of the material, kinetic energies of the photo-generated electron and the corresponding hole (h=A or C in our case). In a wurtzite GaN, we estimate n th ∼ 4.4 × 10 19 cm −3 . For the case n e < n th , n e = 2p A to write T eff = Figure 3 illustrates the relation between quasi-equilibrium carrier temperatures T e of the conduction electrons, T A(B) of the A(B) holes, and T ch of the C holes as a function of the effective temperature T eff of the multi-component carriers in a wurtzite GaN at n e = 2 × 10 19 cm −3 . In this carriers when n e is larger than the threshold density n th , so that T ch is finite only for n e > n th .
IV. RESULTS AND DISCUSSION
In illustrating our numerical results of the response functions for a wurtzite GaN, we have used the effective masses of m e = 0.22m 0 , m A(B) = 1.30m 0 , and m C= 0.3m 0 for electrons, doubly degenerate A(B)-holes, and C-holes, respectively, 1, 19 where m 0 is the mass of a free electron. In GaN, the formation of hot electron-hole multi-component plasma is expected for carrier densities larger than the Mott density of 10 18 − 10 19 cm −3 .
20
In Fig. 4 , real and imaginary parts of the noninteracting polarization function Π 
We note that, in a multi-component plasma, each plasma component (indicated by the index ν in the denominator) contributes to the polarization Π of a given carrier component denoted by . The denominator on the right hand side of the above expression is the dielectric function of the plasma in the RPA defined in Eq.(6). In the RPA, one can express ReΠ ( q, ω; T ) and ImΠ ( q, ω; T ) in terms of 0 0 connected to each other by the Kramers-Kronig relation, the latter (former) being the absorptive part related directly, for example, to the spectral damping behavior (dispersion relation) of collective oscillations of the system. In a single-component plasma, the dressed polarization function Eq. (14) reduces to
RPA is defined by Eq.(9). Figure 5 illustrates the real and imaginary parts of dressed singlecomponent plasma polarization functions Π scp c (q, ω) at T eff =300 K in a wurtzite GaN for the carrier density of 2 × 10 19 cm −3 . The cases for conduction electrons plasma are shown in panels (a) and (b), and the cases of A-holes in (c) and (d), where the contributions from the conventional optic plasmon-LO phonon coupling as in doped semiconductors are shown. 5 We observe that dynamic screening introduces drastic changes to the bare polarization functions (shown in Fig. 4 ) giving rise to additional energy dissipation channel of (optical) plasmonic collective excitations along with that of single particle excitation continuum indicated by a pair of dashed lines.
In a multi-component plasma in semiconductor materials, the dynamic screening of carriers introduces totally modified behavior in the dielectric reponse functions of the plasma through dielectric polarizations. At the carrier densities of n e < n th and, hence, the B-hole band being empty in a wurtzite and holes occupy the conduction and the A-hole valence bands with effective mass m e = 0.22m 0 and m A = 1.3m 0 , respectively. Since the ratio of effective masses for the electrons and the holes are much different from the unity, the present electron-hole plasma can be treated as a two-component plasma. In the case of two-component plasma of different effective masses, we expect the presence of multiple branches of modes, unlike the single branch typically observed in the single-component plasma of doped semiconductors, 7 . The spectral behavior of the carrier polarization functions Π c (q, ω), in the presence of dynamic carrier screening, are illustrated in Fig. 6 at T eff = 300K for n e = 2×10
19 cm −3 in a wurtzite GaN. Pairs of dashed and dotted lines denote the allowed regions of single particle excitations for electrons and A-holes, respectively. The spectral behavior is drastically modified from that of noninteracting case shown in Fig. 4 or the case of dressed single-component plasma shown in Fig. 5 . In addition to the contribution from the conventional optic plasmon-LO phonon coupling of the single-component plasma such as in doped semiconductors, 5 the contribution from the low frequency acoustic collective oscillations occurs, 6 as is illustrated in the panels (a) and (c) of Fig. 6 for ReΠ e (q, ω) and ImΠ e (q, ω). The effects of the high frequency optic modes are clearly seen in ReΠ e (q, ω) and ImΠ e (q, ω) occurring at frequencies higher than that of the bare LO phonons well outside the single particle excitation continuum. The low frequency acoustic plasmon branch is more broadened compared to the optic one, but is located outside the continuum of single particle excitations for A-holes.The contribution of the heavier mass species (A-holes in the present work) to dressed Π c (q, ω) [panels (b) and (d) of Fig. 6 ] is very similar to the case of bare polarization functions Π 0 c (q, ω) represented by Eq.(5) and illustrated in Fig. 4 . The spectral behavior of Π c (q, ω) illustrated in Fig. 6 reveal the multi-component band character of the high frequency optic and low frequency acoustic branches. Boundaries of a pair of single particle continua for electrons and A-holes are indicated with steeper dashed (for electrons) and slower dotted (for A-holes) lines, respectively, and branches of the optical and acoustical plasmon excitations are clearly distinguished in strong color intensities. The mode of acoustic collective oscillation is expected to be Landau damped due to single particle excitations of the faster electrons, since they are located within the single particle excitation continuum of the lighter carriers. [See Fig.7(a) .] Insets illustrate crosssectional view of the spectral behavior at q = 0.1 and 0.19 q sc , where q sc = 2.58 × 10 7 cm −1 is the ThomasFermi screening wave number at T eff = 300K.
In Fig. 7(a) given by Eq.(9) for the case of a single-component plasma consisting of either electrons or A-holes, respectively. Insets show Im scp (q, ω), respectively. Pairs of dashed and dotted lines denote the boundaries of allowed single particle excitation continua for electrons and A-holes in a wurtzite GaN. In the region of high frequency and long wavelength, Im Π(q, ω) vanishes and hence Im (q, ω) = 0, allowing selfsustaining collective oscillations with no dissipation. In Fig. 7(a) , we find that a pair of collective modes are observed in the multi-component plasma, and that 'optical' and 'acoustic' plasma modes are well separated within the RPA, each damped through single particle excitations of electrons and holes, respectively. We note that, in panel (c), the bare carrier plasmon modes of frequencies Ω e 152 meV = 1.66ω LO and Ω A 46 meV = 0.5ω LO are well defined, but pushed apart from each other under the effect of dynamic screening in a multi-component plasma. [See Fig. 7(a) .]
In Fig. 8(a)-( the effect of thermal broadening (temperature effect) on the response functions, especially on the damping of the collective modes, is much enhanced at higher temperatures. Pairs of dashed and dotted lines denote the corresponding regions of allowed single particle excitation continuum for electrons and A-holes in a wurtzite GaN. In Fig. 8 (d) we illustrate the nonlocal (finite q) behavior, i.e. cross sesctional view of | (q, ω)| −2 at 300 K for several different values of inelastic frequency exchanges of ω = 0.01 − 2.5 ω LO . For small frequency exchanges during carrier-carrier scattering, we note that the nonlocal, finite-q, effect of the screening is reduces to the case of Thomas-Fermi screening limit as is denoted by a monotonically increasing solid line for ω = 0.01 ω LO in panel (c).
V. SUMMARY AND CONCLUSION
In this paper, the finite-temperature behavior of dielectric response functions of a multi-component hot carrier plasma is discussed. The effective dielectric function and polarizability functions are evaluated, employing random phase approximation, including the effects of dynamic screening at finite temperature. Spectral analyses of the carrier dielectric response functions are performed and their dynamic and nonlocal behaviors are studied. Our result, at high carrier densities such as of n e ∼ 2 × 10
19 cm −3 , shows that the well-defined optic plasmonic modes are clearly seen at frequencies higher than that of the continuum and the additional low frequency acoustic plasmonic branch is located outside single particle excitations of heavier A-holes. The contribution of the heavier mass species to dressed Π c (q, ω) is very similar to the case of bare polarization functions Π 0 c (q, ω). For small frequency exchanges during carrier-carrier scattering, the nonlocal, finite-q, effect of the screening is reduced to the case of Thomas-Fermi screening limit.
Finite-temperature behavior of multi-component solid-state plasma described here would be confirmed with such measurements of various photo-generated hot carrier spectroscopies as in wide band gap semiconductor materials. The dielectric screening behavior introduced by carrier-carrier interaction would be utilized to investigation of the roles of various carrierphonon coupling channels in the multi-component plasma material such as of polar and nonpolar optical phonons, acoustic deformation-potential and piezoelectrical Coulomb couplings. Since the real part of the electric conductivity, a measure of dissipative processes, of the material is directly linked to the imaginary part of the retarded polarization function, our results can also be utilized to engineer the waveguide characteristics and plasmonics of the material. The results we are presenting is suitable to experimental observation, and we hope that the present results could be verified, for example, by femtosecond optical measurements.
